RSC | X-ray crystallography | protein complex | nucleosome remodeler C hromatin remodeling complexes (remodelers) perform functions such as nucleosome repositioning, disassembly, and histone-variant exchange to facilitate processes such as transcriptional regulation, DNA repair, and genome stability (1) . Although they are diverse, including at least five different families in eukaryotes, each complex contains a large ATPase subunit that translocates DNA and 2-15 additional subunits that provide functions that include targeting to modified histones and/or regulation of the ATPase activity. The SWI/SNF family of remodelers is broadly conserved among eukaryotes but is best studied in yeast, where two separate complexes are found, SWI/SNF and RSC. Although SWI/ SNF is involved in transcriptional activation (2, 3) , telomere silencing (4) , and DNA repair (5), RSC is more abundant and is essential for cell viability because of its role in regulating transcription mediated by RNA polymerase II and III (6) (7) (8) (9) (10) .
Actin-related proteins (ARPs) are essential functional subunits of the SWI/SNF, SWR1, and INO80 remodeler families and the NuA4 histone acetyltransferase complex but are absent in ISWI and CHD remodelers (1, (11) (12) (13) (14) (15) . Dimers or higherorder multimers of these actin/ARP proteins bind to a ∼60-residue helicase-SANT-associated (HSA) domain that is part of the ATPase subunit of remodelers and the Eaf1 subunit of NuA4 and, in remodelers, is adjacent to the N-terminal end of the ATPase domain (16) . Indeed, prior biochemical experiments support roles for ARPs in regulating remodeler ATPase activity (12, 13, 16) .
HSA domains display specific binding for particular ARPs: the HSA domains of Ino80, Swr1, and Eaf1 bind actin and Arp4, whereas the HSA domains of the Saccharomyces cerevisiae RSC and SWI/SNF ATPases, Sth1, and Snf2, respectively, bind Arp7 and Arp9. Interestingly, the genomes of Yarrowia lipolytica and Schizosaccharomyces pombe do not encode an Arp7 homolog but, instead, encode an extra Arp more similar to Arp4, thereby suggesting an evolutionary relationship between actin/Arp4 and Arp9/Arp7 (17) . Arp6, together with Arp5, which contains the largest Arp sequence insertion, and Arp8, which contains an additional N-terminal domain, are only observed as components of INO80. Arp8 is associated with the Ino80 HSA domain and copurifies with actin and Arp4 (16) , whereas Arp5 incorporation requires the ATPase subunits Rvb1/Rvb2 (18) .
ARPs are numbered according to their sequence similarity to actin, where Arp2 is most similar and Arp11 least similar. The structure of the Arp2/3 complex, a seven-membered complex involved in actin filament branch-point formation, has been determined (19) (20) (21) . Within the complex, neither Arp2 nor Arp3 make significant interactions with either their D-loop (the region contacting DNase in an actin-DNase cocrystal (22) ) or their hydrophobic clefts, which both mediate contacts in actin filaments, leaving them accessible for interactions with actin directly as part of the filament branch-point. Similar to actin, both Arp2 and Arp3 bind nucleotides, although structural data suggest that nucleotide binding alone is not sufficient to generate the conformational changes required for full activation of the complex (20, 23) . In addition to Arp2/3, the monomeric structures of Arp4 and Arp8 bound to ATP were recently determined and reveal how the actin structural fold accommodates large sequence insertions that likely preclude any potential actin-like "pointed end" interactions (24, 25) . In contrast, the ATPase "active site" residues within Arp7 and Arp9 are not conserved with actin, and their mutation does not result in observable phenotypes, suggesting they do not bind or hydrolyze ATP (11) .
The ARP-remodeler ATPase subcomplex represents a core functional unit of the SWI/SNF and RSC complexes. The SWI/ SNF Arp7-Arp9-Snf2(ATPase) and RSC Arp7-Arp9-Sth1 (ATPase) subcomplexes are functional in ATPase, nucleosome remodeling, and DNA translocation assays (26, 27) . Additional functional connections between the Arp and ATPase proteins were identified through arp7/9 suppressor mutations located in the STH1 ATPase subunit of RSC (16) . Despite the wide importance of remodelers and the central role in DNA trans-location performed by the ATPase subcomplexes, understanding of their mechanisms is currently limited by a lack of structural information.
In an effort to advance understanding of the remodeler mechanism, we have determined a structure of the SWI/SNF Arp7-Arp9-Snf2 HSA -repressor of Ty1 transposition, gene 102 (Rtt102) complex to 2.8-Å resolution. Surprisingly, this structure reveals heterodimeric interactions between the Arps that are distinct from known actin polymerization interfaces. Arp7 and Arp9 both straddle the HSA domain, which forms a long helix, in a manner that resembles actin associations with numerous binding partners through the "hydrophobic cleft." Rtt102 stabilizes the Arp7-Arp9 association by wrapping around one side of the complex in a highly extended conformation. The association is very different from that initially anticipated from the Arp2/3 complex structure and provides a foundation to develop models of remodeler mechanism that couple the ARPs to the ATPase core.
Results and Discussion
Crystal Structure of the SWI/SNF Arp7-Arp9-Snf2
We have determined a crystal structure of the SWI/SNF Arp7-Arp9-Snf2 HSA -Rtt102 complex using single-wavelength anomalous scattering data from selenomethionine-substituted (SeMet) protein and refined the model at a resolution of 2.8 Å to R work / R free values of 18/22% (Table 1 ). Many combinations of constructs were prepared by coexpression in Escherichia coli, purified as stable complexes, and subjected to crystallization trials. Successful crystallization required use of an Arp9 construct in which a poorly conserved loop, which is predicted to be highly flexible, was shortened by deleting residues 247-274. Removal of this loop does not elicit a detectable phenotypic growth defect in S. cerevisiae when tested under a wide variety of growth conditions (temperature sensitivity, use of galactose or glycerol, or presence of methyl methanesulfonate, caffeine, hydroxyurea, or high NaCl).
The four-subunit complex forms a compact assembly with overall dimensions of 100 Å × 85 Å × 55 Å (Fig. 1) . The architecture is consistent with biochemical studies of subunit associations (16) and provides unexpected information regarding ARP orientations. The HSA domain forms an assembly platform for the ARPs, forming a single 95-residue helix that binds the closely associating heterodimer of Arp7 and Arp9 subunits. In addition to describing a subcomplex of SWI/SNF, the structure also presumably describes the equivalent region of RSC, which contains identical Arp7, Arp9, and Rtt102 proteins and has the Sth1 HSA substituted for Snf2 HSA (53% sequence identity) (16) .
Structure and Function of Rtt102. The conformation of Rtt102 is striking. Only 30% of the Rtt102 subunit is visible in the electron density, although the density that is present is clearly defined at a level comparable to other subunits in the structure, indicating that it is present with unit occupancy. The most conserved regions of Rtt102 contact Arp7 and Arp9 by wrapping back and forth in a highly extended conformation across a conserved region of the Arp7-Arp9 interface to form interfaces of 1,455 Å 2 with Arp9 and 515 Å 2 with Arp7 (28). This interaction is consistent with previous biochemical studies supporting binding of Rtt102 with Arp7-Arp9 rather than direct contacts between Rtt102 and the HSA domain (16) . The structure is also consistent with the model that Rtt102 plays a stabilizing role, a view that is supported by the observation that yields are substantially reduced for expression and purification of the ternary Snf1 HSA or Sth1 HSA complexes lacking Rtt102.
To determine the importance of Rtt102 in S. cerevisiae, we conducted in vivo studies that demonstrated that an rtt102Δ strain in isolation lacks strong phenotypes but that overexpression of Rtt102 gave moderate but clear suppression of certain arp7 temperature-sensitive mutations ( Fig. 2A) , supporting the notion that it stabilizes ARPs. Interestingly, despite its ability to stabilize the complex, we find that the quaternary complex containing Rtt102 and an Sth1 construct that contains the ATPase domain, Sth1(301-1097), displays ∼2.4-fold less nucleosome remodeling activity, assessed by restriction enzyme accessibility, than the corresponding ternary complex lacking Rtt102 (Fig. 2B ). In addition, the corresponding ATPase activity (V max ) of the complex containing Rtt102 is also diminished ∼2.5-fold. These observations support a model in which Rtt102 stabilizes complex formation while also possibly restricting conformations involved in ATP hydrolysis or coupling to DNA translocation and nucleosome remodeling. S1 ). Similar levels of structural overlap (2.2-3.9 Å) are seen for Arp7 and Arp9 with Arp2, Arp3, Arp4, and Arp8 (19, 24, 25) . Arp7 and Arp9 therefore adopt the canonical actin fold comprising four globular subdomains surrounding a central cleft that, in actin and Arp4, contain the ATPase active site (30) . Thus, our structure reveals overall structural similarity of Arp7 and Arp9 to canonical actin.
Despite the overall similarity, Arp7 and Arp9 also deviate from actin in several notable aspects. Unlike actin, and consistent with mutagenesis data (11), neither Arp7 nor Arp9 display conserved residues expected for binding Mg 2+ or hydrolyzing ATP, and they are inactive in standard ATPase assays (11) . Moreover, electron density maps indicate that nucleotide is not bound in either the Values in parentheses are for the highest-resolution shell.
native crystal structure or data sets collected after soaks in millimolar concentrations of ATP, although the significance of this observation is potentially limited by the need to maintain crystal lattice contacts and by the crystallization conditions, which include high ammonium phosphate concentrations and result in several phosphate groups being bound in the Arp7 and Arp9 central cavities equivalent to the actin active site. We note that compared with actin, apparent subdomain rotations and deviations in subdomain 4 result in central clefts that are relatively closed in Arp7 and relatively open in Arp9 ( Fig. 1 E and F) . Other prominent differences with actin include the D-loop, which in many actin structures and in Arp7 is disordered but in Arp9 is relatively long and forms a crystal contact in the opposite direction to that seen in the actin/DNase I structure (PDB code 1ATN) (22) , reinforcing the idea of inherent flexibility at this location. The actin hydrophobic plug, which is a loop in the sequence between subdomains 4 and 3 that has been implicated in interstrand contacts in actin filaments (31) , is present in Arp7 but not in Arp9. In comparison with actin, both Arp7 and Arp9 contain extended loop insertions within domains 3 and 4 that are largely disordered except for regions that mediate crystal lattice contacts. One possibility is that these loops mediate contacts to other subunits of the remodeler complexes or to nucleosomes. In comparison, Arp4 contains a large insertion within domain 4 that may play a similar role in its respective complexes (24) .
Arp7-Arp9 Heterodimer and HSA Interactions. Our most surprising result involves the orientation of the Arp7-Arp9 heterodimer, which assembles very differently from either actin homopolymers (31) or the Arp2/3 branch complex (19) (Fig. 3 A-C) . In actin homopolymers, actin monomers pack front-to-front, with an offset that limits individual monomer-monomer interfaces to 494 Å 2 but allows repeated twofold helical interactions that extend the filament. The primary interface between Arp2 and Arp3 in the five-protein Arp2/3 complex, which involves domain 4 of Arp2 and domain 1 of Arp3, encompasses 896 Å 2 . In contrast, Arp7 and Arp9 pack like slightly rotated spoons in a front-to-back arrangement that forms a more extensive 1,330-Å 2 interface. Arp7 and Arp9 are related to each other by a translation of ∼40 Å and rotation of ∼20°, with Arp7 residues on the front face of subdomains 1, 2, and 4 contacting Arp9 residues on the back face of subdomains 1 and 3 ( Fig. 3 C-E) .
Arp7 and Arp9 bind the Snf2 HSA helix through clefts at the base of subdomain 1, near subdomain 3 (Figs. 1 E and F and 3 D and E), to form interfaces of 622 Å 2 and 1,002 Å 2 with Snf2 residues 604-623 and 623-647, respectively. In actin, this cleft is referred to as the hydrophobic or target-binding cleft (32) and typically mediates contacts with a helix in complexes of actin-binding proteins such as ciboulet, gelsolin, and vitamin D-binding protein (31) . The HSA helix runs in the same general orientation as that observed for ciboulet, but in the reverse orientation to the helices of gelsolin or vitamin D-binding protein (Fig. 4) . A common feature to these interactions is the insertion of a large hydrophobic group on the binding partner helix into a cleft between the last helix in subdomain 1 before the chain moves to subdomain 3 and the first helix and loop in subdomain 1 after the chain returns from subdomain 3. In the Arp7-Arp9 subcomplex, this role is taken by Snf2 HSA Met608, which contacts Arp7, and by Snf2 HSA Phe629, which contacts Arp9 (Fig. 4) . Arp7 and Arp9 each contain an additional small helix at the front face that extends the cleft and contributes toward making it substantially more hydrophilic than the cleft in actin. The largest surface area contribution to each interface comes from the Snf2 HSA hydrophilic residues Arg619 and His637 (Fig. 4) .
Despite the common overall structure of Arp7 and Arp9, there is a clear difference in the structure and importance of residues near their C-termini. Residues near the C-termini of both Arp7 and Arp9 approach the HSA, which explains why truncation of 42 residues from the C terminus of Arp7 or 30 residues from the C terminus of Arp9 results in the selective release of these proteins from preparations of reconstituted S. cerevisiae RSC (33) . The C-terminal residue of Arp9 (Phe467) is tucked into the core of the Arp9 structure near both the HSA and Arp7 interface, similar to the position of the C terminus of actin. The Arp7 C-terminal residues, however, are considerably more solvent exposed, which explains why genetic deletion of the Arp9 C-terminal 30 residues is lethal, whereas deletion of the Arp7 42 Cterminal residues elicits only a temperature-sensitive growth phenotype (33) .
Models of Other HSA Complexes. Similar to SWI/SNF, RSC contains an Arp7-Arp9 heterodimer and Rtt102, although, among other differences, the two remodeler complexes have different ATPase subunits, with Sth1 in RSC replacing Snf2 in SWI/SNF. HSA residues that contact Arp7 and Arp9 are only 35% identical in an alignment of S. cerevisiae Snf2 and Sth1 proteins. Although most of the identically conserved HSA residues make contacts at the subunit interface, several residues involved in extensive contacts are not conserved and a few of the identical HSA residues, including Asp643 and Lys646, do not contact Arp7 or Arp9, with one possible explanation for their conservation being a role in binding other SWI/SNF or RSC subunits. Optimal pairwise alignment using pBLAST, and an extensive published alignment (16) , both suggest that the RSC Sth1
HSA contains an additional four residues near the interface between Arp7 and Arp9 compared with the SWI/SNF Snf2 HSA of the structure presented here. We predict that the overall structure of a long α-helix docking into tandem clefts of the ARP heterodimer will be maintained either because the additional residues loop-out (34) or because a shift in the alignment occurs to maintain one long helix with slightly reduced apparent sequence conservation.
The SWI/SNF Arp7-Arp9-Snf2 HSA -Rtt102 subcomplex can serve as a model for other HSA complexes. Because overexpression of individual affinity-tagged HSA domains in yeast specifically and solely copurified with the ARP heterodimers for each respective complex (33), the structural similarity likely extends to the Ino80 HSA , Swr1 HSA , and NuA4 Eaf1
HSA ARP subcomplexes, all of which contain an actin-Arp4 heterodimer rather than an Arp7-Arp9 heterodimer. Further, because an Arp7 homolog is missing from two fungi, which instead have a sequence that more closely resembles Arp4 (17) , it is attractive to speculate that Arp7 is structurally equivalent to Arp4, whereas Arp9 is structurally equivalent to actin in their respective HSA complexes. In support of this proposal, simple modeling suggests that Arp4 and actin could replace Arp7 and Arp9, respectively, without steric clash, whereas a 54-residue insertion in domain 4 of Arp4, which is disordered in the Arp4 structure (PDB code 3QB0) (24) , would lie at the interface and preclude an Arp7-Arp9-like association if Arp4 were placed in the Arp9 position. We therefore favor the model that HSA-actin-Arp4 complexes resemble the structure presented here, with actin in the position of Arp9 and Arp4 in the position of Arp7. This model is consistent with the results of a previous study reporting the crystal structure of isolated Arp4 and its effect on actin filament formation (24), although our complex structure suggests that Arp4 impedes filament elongation by binding to the back surface of actin, thereby blocking interactions with the twofold helically related molecule in a filament rather than directly binding the barbed end of monomeric actin.
The Ino80 HSA has the unique distinction of copurifying with Arp8 in addition to actin and Arp4 (16) . Arp8 is required for the incorporation of actin and Arp4 in the full complex, suggesting that the heterodimerization of actin-Arp4 is insufficient to sustain binding to the Ino80
HSA (12) . It is presently unknown whether Arp8 uses its hydrophobic cleft to interact with the HSA specifically or with other subunits in the complex. Large insertions in Arp8 may also be responsible for alternative quaternary interactions (25) . A leading model has been that chromatin remodelers use their ARP heterodimers to interact with other complexes by forming a structure similar to an actin filament (31) in a manner analogous to the Arp2/3 complex, which is thought to undergo a conformational change to mimic an actin filament on activation (19) . This model suggested that actin filament-like ARP interactions would bridge complexes to coordinate activities. Importantly, however, this model is inconsistent with the crystal structure because binding of the HSA in the hydrophobic cleft between domains 1 and 3 of Arp7 and Arp9 and the parallel Arp7-Arp9 packing orientation are incompatible with formation of an actin filament, which generally elongates in the direction of the hydrophobic cleft ("barbed" end) and approximates a twofold screw axis (31) . Thus, although important questions remain regarding the mechanisms by which ARP associations regulate ATPase and remodeler activities, the possibility of actin filament-like interactions is unlikely.
Nucleosome and DNA Interactions. To assess the contribution of the Arp7-Arp9-Snf2 HSA -Rtt102 subcomplex in nucleosome interactions, the complex was incubated with 174-bp and 147-bp nucleosomes that were assembled with recombinant histones (from S. cerevisiae or Drosophila melanogaster) or with free 174-mer DNA and was subjected to native PAGE (Fig. S2) . The subcomplex shifts both free DNA and 174-bp nucleosomes, but not the 147-bp nucleosomes, suggesting that the primary interaction is made through free duplex DNA. Therefore, although it contributes to the nucleosome remodeling process, this subcomplex is not independently capable of nucleosome recognition.
Implications for Future Studies. Our crystal structure provides a structural model of the Arp7-Arp9-Snf2
HSA -Rtt102 module in SWI/SNF-family chromatin remodelers. These ARPs are not required for remodeler assembly because their loss results in a SWI/ SNF or RSC complex that simply lacks ARPs (and Rtt102) but retains all other members. Instead, ARPs impart an important regulatory function: The ARP/HSA module is adjacent to the ATPase domain, modulates ATPase activity, and is expected to interact directly with the ATPase domain, as shown through compensatory mutagenesis analysis (16) . One speculative model is that the ARP module described here regulates not only ATPase activity but also how efficiently ATPase activity is coupled to DNA translocation. In this model, the ARPs might affect the strength and/or velocity of DNA translocation and affect the outcome of remodeling reactions. An additional possibility is that the ARP module may interact with chromatin factors (presently unknown) and inform the remodeler ATPase of its proper job at the location: sliding or ejection.
Until now, studies of these ARPs have been difficult because they show assembly interdependence and because most mutations obtained in genetic screens simply confer loss of protein and/or assembly at the restrictive temperature. Our structural model provides a foundation for future design of mutation combinations that probe interactions of ARP surfaces with the ATPase domain or other proteins, which should enable mechanistic studies of SWI/ SNF and related remodelers. Furthermore, our structure reveals a unique mode of ARP-ARP orientation and interaction (on an HSA platform), which we suggest also applies to remodelers such as INO80 and SWR1 that contain an Arp4/actin (or Baf53/actin) dimer. Notably, INO80 and SWR1 also contain additional ARP proteins, which we speculate may interact with this conserved central ARP dimer module, extending from one end (or both ends) of the central ARP dimer, using the HSA domain as a platform, and forming an ARP polymer. Thus, in addition to guiding mutagenesis studies of mechanism, our structure also guides future structural studies aimed at larger-scale questions of assembly within the remodeler complexes.
Methods
Protein Purification. Arp7, Arp9(Δ247-274), Snf2(Met-His 10 -575-667), and Rtt102 were coexpressed in BL21(DE3)RIL from two plasmids, pRSFDuet and pCDFDuet, using the autoinduction method (35) . Purification was by Ni 2+ chelate and heparin (HiTrap; GE Healthcare) chromatography. Following elution with a NaCl gradient, the protein was concentrated and subjected to sizing chromatography (SD200) in 20 mM Tris, 100 mM NaCl, and 1 mM DTT, pH 7.5. The polyhistidine tag was not removed. The elution profile was consistent with a heterotetramer complex. SeMet protein was expressed and purified in a similar fashion. Crystallization. The complex was crystallized by vapor diffusion after mixing 2 μL of complex (OD 280 = 10-14; 8.8-10.7 mg/mL) with 2 μL of well solution (1.6-2.0 M ammonium phosphate, 100 mM Hepes pH 7.5, and 1 mM DTT). Crystals grew after 4-7 d at room temperature. Larger crystals for data collection were obtained by streak seeding into an equilibrated (1 d) crystallization drop. Crystals were cryoprotected with well solution made up with 25% glycerol and were vitrified by plunging into liquid nitrogen. Data were collected at 100K at the National Synchrotron Light Source beamline ×25 (SeMet λ = 0.979 Å, Native λ = 1.1 Å). Phases were calculated to a resolution of 3.3 Å and improved by density modification using AutoSol-PHENIX (36) . The model was built using COOT (37) and refined in REFMAC5 (38) and PHENIX, (36) using translation, libration, and screw-rotation (39) . The following residues are included in the final model: Arp7: 2-39, 44-204, 214-262, 281-344, 380-466; Arp9: 3-223, 275-376, 393-467; Snf2: 592-660; Rtt102: 1-12, 22-34, 54-70, 79-90. The final model has 92.1% core, 6.7% allowed, 1.0% generous, and 0.1% disallowed residues in the Ramachandran plot. Crystallographic statistics are given in Table 1 .
Nucleosome Remodeling and ATPase Activity. Pure complexes containing Sth1 (301-1097) and full-length Arp7 and Arp9, either containing or lacking Rtt102, were prepared with the size-exclusion chromatography buffer including 200 mM NaCl and 10% (vol/vol) glycerol. For ATPase determinations, two separate expressions and purifications of these complexes were assayed independently. ATPase activity was measured as described previously (40), using a color (malachite green) absorbance assay that quantitatively measures released free phosphate. Protein levels were quantified by ultraviolet absorbance at 280 nm and by Coomassie-stained SDS/PAGE to ensure equal Sth1 molar equivalents. Control reactions with native RSC ensured that the assays were performed in the linear range. Levels of ATP and DNA were in the saturating range and, therefore, the values reported are at V max . Reactions involved incubating 264 ng of Sth1 protein (2.8 μmol of Sth1 molar equivalents) for 30°C for 52 min. Reactions were performed in triplicate. Control reactions on both forms (+/−Rtt102) verified the requirement of DNA to stimulate ATPase activity. For remodeling, mononucleosomes containing 5S rDNA (174 bp, bearing a single AluI site) were prepared as described previously (41) , except the DNA was labeled with Cy3. Restriction enzyme accessibility reactions contained nucleosomes (200 nM), ATP (1 mM), AluI (10 U), and increasing concentrations of remodeler complex (indicated) and were incubated at 30°C for 60 min (42) . Remodelers were titrated over a linear range. Cleavage was quantified after DNA extraction and gel electrophoresis. The Cy3-labeled DNA was quantified by scanning on a Typhoon Trio (GE).
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Schubert et al. 10 .1073/pnas.1215379110 , or nucleosomes formed with this DNA fragment, were incubated at 30°C for 60 min with the indicated amount of ARP complex. Samples were resolved on native 3.2% polyacrylamide gels (15:1 acrylamide to bis ratio), stained with 1 μg/mL ethidium bromide, and visualized on a Typhoon Trio (GE). Nucleosomes were assembled with recombinant yeast histones as described (1) . (B) Gel-shift analysis of ARP complex with Drosophila nucleosomes. A DNA fragment (with a centered "601" nucleosomal positioning sequence) assembled with recombinant Drosophila histones (2) . DNA length used to wrap nucleosomes is either a minimal 147 or 200 bp, with the latter containing ∼25 bp of free DNA ends/linker DNA extending from both sides of the 200-bp nucleosome. As linker DNA is needed to observe a gel shift, and as DNA alone yields a gel shift at equivalent concentrations, the ARP complex appears to bind DNA, but not a core (147 bp) nucleosome.
